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-Major lung resection is a robust model that mimics the consequences of loss-of-functioning lung units. We previously observed in adult canines, following 42% and 58% lung resection, a critical threshold of stimuli intensity for the initiation of compensatory lung growth. To define the range and limits of this stimuli-response relationship, we performed morphometric analysis on the remaining lobes of adult dogs, 2-3 years after surgical removal of ϳ70% of lung units in the presence or absence of mediastinal shift. Results were expressed as ratios to that in corresponding control lobes. Lobar expansion and extravascular tissue growth (ϳ3.8-and ϳ2.0-fold of normal, respectively) were heterogeneous; the lobes remaining next to the diaphragm exhibited a greater response. Tissue growth and capillary formation, indexed by double-capillary profiles, increased, regardless of mediastinal shift. Septal collagen fibers increased up to 2.7-fold, suggesting a greater need for structural support. Compared with previous cohorts following less-extensive resection, tissue volume and gas-exchange surface areas increased significantly only in the infracardiac lobe following 42% resection, exceeded two-to threefold in all lobes following 58% resection, and then exhibited diminished gains following ϳ70% resection. In contrast, alveolar-capillary formation increased with incremental resection without reaching an upper limit. Overall structural regrowth was most vigorous and uniform following 58% resection. The diminishment of gains in tissue growth, following ϳ70% resection, could reflect excessive or maldistributed mechanical stress that threatens septal integrity. Results also suggest additional independent stimuli of alveolar-capillary formation, possibly related to the postresection augmentation of regional perfusion. pneumonectomy; mechanical stress and strain; deformation; mechanotransduction; morphometry; dog CANINE PNEUMONECTOMY (PNX) is a robust model that mimics the consequences of loss-of-functioning lung units in destructive lung disease. Our group has used this model extensively to understand the nature of the impairment and the sources and extent of innate adaptive responses, as well as the cellular, structural, and physiological mechanisms leading to compensation. In adult canines, following surgical resection of ϳ42% of total lung units by left PNX, the stimuli, which are mainly imposed by mechanical forces on the remaining tissue and microvasculature, induce the recruitment of existing physiological reserves via redirection of pulmonary blood flow, unfolding and/or distention of the air-tissue-blood interfaces, and remodeling of the existing architecture of the acinar airways, as well as the alveolar blood-gas diffusion barrier, leading to significant, although partial, restoration of function (6, 26 -28) . Following resection of ϳ58% of lung units by right PNX, mechanical stress and strain imposed on the remaining lung units are sufficiently large to stimulate the generation of new alveolar tissue and capillaries that further augment the function of the remaining lung, above and beyond that achieved via only recruitment and remodeling (21, 22, 29 -31) .
Following even more extensive loss (removal of 65-70% of lung units), the remaining lobes expand further, associated with an initial phase of expansion of tissue-blood volumes, followed by a later phase of airway and parenchyma remodeling (10, 29, 59) . The sequence of early growth, followed by remodeling, is associated with gradual improvement of mechanical function over many months, which has been assessed in vivo using functional high-resolution computed tomography (HRCT) (58, 59) , and by physiological measurements from rest to exercise (20) . Long-term alveolar microvascular recruitment, indexed by the diffusion-perfusion (DL/Q ) relationship, with respect to the fraction of lung remaining, is surprisingly well preserved, whereas bronchovascular-convective resistance increases disproportionately to become a limiting step in pulmonary O 2 transport (20) . The imaging data indicate that both mechanical stimuli and in vivo tissue responses are nonuniformly distributed among the remaining lobes. However, postmortem ultrastructure following 70% resection has not been reported, and the relationship between stimuli intensity and structural response has not been assessed. Based on the above physiological findings of robust functional compensation, we hypothesized that a more severe resection (ϳ70%) stimulates more vigorous alveolar-capillary growth/unit of the remaining lung compared with that following 58% or 42% resection. In this report, we quantified distal lung ultrastructure using detailed morphometry under light microscopy and electron microscopy (EM) in adult canines, 2-3 years after undergoing 65-70% lung resection. These results were compared with that obtained in the corresponding lobes of comparable cohorts studied previously, using the same methodology following 58% and 42% lung resection in relation to the normal adult canine lobes.
MATERIALS AND METHODS
Animals and lung resection. The Animal Care and Use Committee of the University of Texas Southwestern Medical Center approved all of the procedures. Adult litter-matched male mixed-breed hounds (ϳ12 mo old) underwent two-staged surgical resection of ϳ70% of lung units in a balanced (ϳ15% remaining in each lung, n ϭ 9) or unbalanced (ϳ30% remaining in left lung, n ϭ 2) fashion. These procedures have been described in detail elsewhere (20) . The animal was fasted overnight and premedicated with acepromazine (0.2 mg/kg im), glycopyrrolate (0.01 mg/kg sc), buprenorphine (0.02 mg/kg sc), cefazolin (22 mg/kg iv), and furosemide (2 mg/kg iv). Anesthesia was induced with propofol (4 mg/kg iv) and maintained with isoflurane. Following tracheal intubation, mechanical ventilation (tidal volume 6 -9 ml/kg), and a lateral thoracotomy, the appropriate lobar vessels were ligated and cut. The appropriate lobar bronchi were stapled and the lobes removed. The stumps were immersed in warm saline to check for leaks. The chest wall was closed in layers with local applications of lidocaine (1%). Residual thoracic air was partially evacuated. A small chest tube connected to a one-way valve was placed for 24 h after lobectomy to prevent atelectasis; a chest tube was omitted after the second-stage PNX (unbalanced resection) to minimize a rapid mediastinal shift. Supplemental O 2 was administered perioperatively. Rectal temperature, heart rate, blood pressure, and transcutaneous O 2 saturation were monitored continuously. Intraoperative fluid administration was Ͻ50 ml. Blood loss was minimal. Buprenorphine was administered postoperatively for 48 h and as needed thereafter. Wound dressings were changed daily and skin stitches removed after 7-10 days.
In balanced 65-70% resection (n ϭ 9), the left caudal (LCa) lobe was removed via a lateral thoracotomy. One month later, the right middle (RM), caudal (RCa), and infracardiac (RI) lobes were removed via a right lateral thoracotomy, leaving the right and left cranial (RCr and LCr, respectively) and left middle (LM) lobes (n ϭ 7). In two animals, during the second operation, the RM lobe was not removed, due to incomplete fissures, leaving behind the RCr, LCr, RM, and LM lobes. The LM lobe is usually considered the inferior segment of the LCr lobe (33) , because the LM lobe bronchus arises next to that of the LCr lobe, and the two are often incompletely separated by fissures. Here, we analyzed the LM as a separate lobe, because its postresection deformation and structural adaptation are distinct from that of the RCr and LCr lobes (59) . The RCr, LCr, and LM lobes comprised 12%, 12%, and 7%, respectively, of the original lung units (20) . Because roughly equal fractions (12-19%) of total lung units remained in each hemithorax, the mediastinum retained its midline position (Fig. 1) .
In unbalanced 70% resection (n ϭ 2), the LCr lobe was removed in the first procedure, followed 1 mo later by the removal of the entire right lung in a second procedure, leaving 30% of lung units or only two lobes (LM and LCa) in the left hemithorax. Because a modest volume increase in the LM and LCa lobes easily made up for the loss of the small LCr lobe, there was no mediastinal shift after the first operation, but a marked shift developed following the second operation (Fig. 1) .
Following surgical recovery, all animals exercised regularly on a treadmill, up to peak O2 uptake. Physiological studies and HRCT data on some of these animals have been published (20, 58, 59) . Terminal studies were performed 2-3 years following surgery.
Lung fixation. The animal was deeply anesthetized. Via a tracheotomy, a cuffed endotracheal tube was inserted and tied securely. The remaining lobes were collapsed via a midline abdominal incision and incisions through each hemidiaphragm. An intravenous overdose injection of a pentobarbital and phenytoin mixture was administered simultaneously to stop the heart, and the lobes were re-inflated within the thorax by tracheal instillation of 2.5% buffered glutaraldehyde at 25 cmH2O of hydrostatic pressure above the sternum. Following instillation, the endotracheal tube was closed to maintain airway pressure. The lungs were removed intact, immersed in buffered 2.5% glutaraldehyde, floated on a water bath, and stored at 4°C for at least 4 wk before further processing.
Lobar volume. The volume of each intact lobe was measured by saline immersion. Each lobe was sectioned serially at 2-cm intervals and the cut surfaces photographed. Volume of each sectioned lobe was estimated by the Cavalieri principle (57); this tension-free volume was used in subsequent morphometric calculations.
Sampling and morphometric analysis. These methods are established (23, 51) . Each lobe was sampled separately using a stratified scheme: gross (level 1, ϳ2ϫ), low-power light microscopy (level 2, 275ϫ), high-power light microscopy (level 3, 550ϫ), and EM (level 4, 19,000ϫ). For level 1, photographs of serial sections were analyzed by point-counting using standard test grids to exclude structures Ͼ1 mm in diameter and to estimate the volume density of coarse parenchyma/unit of lung volume [Vv(cp,L)]. For level 2, four tissue blocks/lobe were sampled systematically, embedded in glycol methacrylate, sectioned (4 m thickness), and stained with toluidine blue. One section/block was overlaid with a test grid. From a random start, at least 10 nonoverlapping microscopic fields were sampled systematically. With the use of point-counting, structures between 20 m and 1 mm in diameter were excluded to estimate the volume density of fine parenchyma/unit volume of coarse parenchyma [Vv(fp,cp)]. For levels 3 and 4, four blocks/lobe were sampled systematically, as described above, postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, treated with 2% uranyl acetate, dehydrated through graded alcohol, and embedded in Spurr (Electron Microscopy Sciences, Hatfield, PA). Each block was sectioned (1 m thickness) and stained with toluidine blue. One section/block was overlaid with a test grid. At least 20 nonoverlapping microscopic fields/block were imaged systematically from a random start (80 images/lobe) to estimate the volume density of alveolar septa/unit volume of fine parenchyma [Vv(s,fp)] by excluding all structures exceeding 20 m in diameter (level 3).
For transmission EM (level 4), two blocks/lobe were sectioned (80 nm thick), mounted on copper grids, and examined (JEOL EXII, ϳ19,000ϫ). Thirty nonoverlapping EM fields/grid (60 images/lobe) were sampled systematically. The volume densities of each component within septum were estimated by point-counting. Alveolar epithelial and capillary surface densities (in cm Ϫ1 ) were estimated by intersection counting. Approximately 300 points/intersections were counted/grid with a coefficient of variation Ͻ10%. The volume and surface densities (Sv) at each level were related through the cascade of levels to the volume of the lobe to obtain the absolute volumes and surface areas
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From individual lobes, a volume-weighted average for the entire lung was calculated. The lengths of test lines that transect the tissue-plasma barrier (epithelial surface to erythrocyte membrane) were measured to estimate the harmonic mean thickness of the blood-gas barrier ( hb). Morphometric estimates of lung-diffusing capacity for O2 were calculated using an established model (52) that describes the diffusion path from the air-epithelium surface to capillary hemoglobinbinding sites as two serial conductance steps across the tissue-plasma barrier and capillary erythrocytes. The prevalence of double-capillary profiles-a marker of new capillary formation by the process of intussusception (5, 56)-was counted by completely and systematically sampling two EM grids/lobe (1,000ϫ), and the result was expressed as a fraction of total (single ϩ double) capillary profiles.
Data analysis. Where appropriate, the data (mean Ϯ SD) were normalized by body weight, expressed as ratios to the mean value from the corresponding lobe(s) of previously reported normal adult hounds residing at sea level (control, n ϭ 6) (43) . These data were also compared with those in previous cohorts studied using the same methods following 58% resection by right PNX (n ϭ 10) (29, 44) and 42% resection by left PNX (n ϭ 12) (24, 28, 55) . Because average whole-lung morphometric results were reported in earlier cohorts, we re-analyzed the results in individual lobes for comparison with the corresponding lobes that remained following 70% resection. Comparisons among cohorts used factorial ANOVA. Comparisons among lobes and between pre-and postresection used repeated-measures ANOVA. Post hoc test used Fisher's protected least-significant difference method. P Յ 0.05 was considered significant.
RESULTS

Structural response to 65-70% resection.
Pleuromediastinal adhesion was not observed at postmortem. Compared with control whole (two) lungs, total lung volume (intact or after sectioning) was preserved following 70% resection (Table 1) . Distal lung morphology showed air space enlargement following both balanced and unbalanced resection (Fig. 2) . The arithmetic mean septal thickness was 85% of normal following balanced resection and not different from normal following unbalanced resection. The hb , an index of resistance to diffusion across the blood-gas barrier, remained normal in both resection groups. The prevalence of double alveolar-capillary profiles was elevated (2.2-to 2.9-fold of normal) in balanced and unbalanced groups, respectively, consistent with vigorous, new capillary formation via intussusception (transluminal pillar formation; Table 1 and Fig. 3) (5, 36) .
Following 65-70% resection, compared with control whole (two) lungs, overall volume density of septum/unit of lung volume was ϳ60% of normal, consistent with air space enlargement (Table 2) . Within the septum, volume densities of epithelium (types I and II) were significantly below normal after unbalanced but not balanced resection. The volume density of interstitial collagen fibers was elevated (26 -38%), whereas volume densities of interstitial cells/matrix, endothelium, and capillary blood remained within normal range. Overall, volume density of extravascular septal tissue was normal. Alveolar surface density was elevated 20%, whereas capillary surface density was unchanged following balanced resection; both surface densities remained normal following unbalanced 70% resection. These results ( Table 2) indicate altered composition of septal constituents, with lagging growth of the epithelium, increased deposition of collagen fibers/unit volume of the remaining septum following balanced and unbalanced resections, and greater complexity of the alveolar surface following balanced resection.
With the comparison of all remaining lobes post-70% resection to control whole (two) lungs, total volumes of epithelium and endothelium were ϳ50% of normal (Table 3) . Total volume of interstitium was 62% and 78% of normal in balanced and unbalanced groups, respectively. Whole-lung extravascular tissue and capillary blood volumes and alveolarcapillary surface areas were 55-60% of normal. Because only 30 -35% of the original lung units remained, these whole-lung dimensions represent significant increases (60 -150%) above that expected/unit of the remaining lung (Fig. 4) . The increases in alveolar-capillary surface areas reflect combined factors, including surface unfolding and distention, cell spreading and growth, and possibly, an increased number of microvilli of type II epithelium. As a result of expanded gas-exchange surfaces and capillary blood volume, whole-lung morphometric estimates of O 2 conductance across the tissue-plasma barrier and the lung were approximately 50 -63% of normal (Table 3) , representing, respectively, 60 -80% and 38 -45% elevation above that expected/unit of the remaining lung.
With the comparison with 70% balanced resection, the lobes remaining, following unbalanced resection, experienced comparable expansion and gains in extravascular tissue volumes (Fig. 5) .
Compare whole-lung response with 42%, 58%, and 70% resections. The present results are compared with previous cohorts in all figures and tables. In all resection groups, the total volume of the remaining intact, fixed lobes was restored to normal (Table 1) . Stress-free, whole-lung volume (after sectioning) was reduced only following 42% resection, but normal in other groups. The arithmetic mean septal thickness was lower following 58% and 65-70% balanced resection, whereas hb remained normal in all groups. Double-capillary profiles increased progressively with removal of more lung units and then rose further in the presence of mediastinal shift (unbalanced 70% resection; Fig. 3 ).
In Table 2 , the volume densities of fine parenchyma-to-lung and septum-to-lung were significantly lower following 42% resection. Volume density of septum-to-lung was also reduced following 70% but not 58% resection. Volume density of epithelium-to-septum was reduced significantly, only following 42% and 70% unbalanced resections. Volume density of interstitial collagen fibers showed a gradual elevation following 42%, 58%, and 70% resections. Volume densities of endothelium and capillary blood remained normal in all groups. Alveolar surface density was unchanged following 42% resection and elevated following 58% and 70% balanced resections. Capillary surface density did not differ significantly among groups. Whole-lung absolute values of septal components were larger and most nearly normalized following 58% resection compared with either 42% or 65-70% resection (Table 3) .
Compare lobar response following 42%, 58%, and 70% resections. To examine interlobar heterogeneity following different resection severity, the dimensions in each lobe were expressed as ratios to that in the corresponding control lobes (Fig. 5) . Following 42% resection, the RI lobe expanded the most (2.6-fold) and was the only lobe to exhibit significant tissue growth (1.7-fold). Following 58% resection, all remaining lobes expanded up to 2.4-to 2.9-fold in air volume, with alveolar tissue volume increasing up to 2.1-to 2.8-fold of normal. Following 70% resection, the volume of the intact, inflated lobes increased up to 3.3-fold of normal, particularly in the lobes that assumed the most caudal position next to the diaphragm. The relative increases in lobar septal tissue volumes and surface areas (1.3-to 2.1-fold) were less than that in air space volume. The average fold increases were consistently the highest following 58% resection. The increase in doublecapillary profiles was uniform among lobes.
DISCUSSION
Summary of the major findings.
To define the stimuliresponse relationship between loss-of-lung units and compensatory growth, we quantified structural dimensions in the remaining lobes of adult canines, 2-3 years following balanced or unbalanced resection of 65-70% of lung units compared with the corresponding control lobes. The main findings are: 1) lobar volumes expanded up to 4.6-and 3.3-fold in the intactinflated and stress-free states, respectively, whereas the volumes of septal extravascular tissue and capillary blood increased variably up to ϳ2.2-fold of normal; 2) the volume density and content of septal interstitial collagen fibers increased significantly, the findings support previous qualitative observations of patchy regions of elevated fractional tissue volume (FTV) on HRCT of the lung from these animals, and lung samples taken from these high FTV regions exhibit increased collagen staining within alveolar septa (58); 3) lobar alveolar tissue growth was heterogeneous, and the remaining lobe(s) adjacent to the diaphragm tend to exhibit more vigorous responses; 4) tissue-capillary growth following unbalanced or balanced 70% resection was comparable; and 5) the prevalence of double-capillary profiles was higher following unbalanced rather than balanced 70% resection. These results suggest that in addition to lobar expansion that imposes mechanical stress/ strain predominantly in the caudal direction (balanced resection), lateral tissue stress/strain associated with mediastinal shift (unbalanced resection) may contribute additional stimuli for alveolar-capillary growth.
Results following 65-70% resection were also compared with that in previous cohorts following less-extensive resection. Following 42% resection, significant alveolar tissue growth occurred only in the RI lobe, which lies between the heart and the diaphragm and deforms not only via more than a twofold lateral expansion across the midline but also via rotation to wrap around the heart and partially reconstitute a compliant cardiac fossa. Following 58% resection, significant increases (1.5-to 3.2-fold) of all alveolar septal components and gas-exchange surfaces occurred in all remaining lobes. Following 65-70% resection, the magnitudes of lobar growth in tissue and gas-exchange surfaces were consistently less than that following 58% resection, irrespective of mediastinal shift. Consequently, whole lung growth in septal tissue was nonsignificant following 42% resection, peaked following 58% resection, and then diminished below peak following 65-70% resection. These results support the existence of a threshold, an optimal range, and an upper limit of alveolar tissue-capillary growth in response to progressive loss-of-lung units. Following 58% and 70% (balanced or unbalanced) resection, the increase in collagen fibers/unit of septum volume suggests a need for greater septal structural support. Double-capillary profiles, a morphological marker of immature capillaries, increased with resection severity without reaching an upper limit, consistent with the induction of new alveolar-capillary formation.
Critique of the methods. The number of animals following unbalanced 70% resection was small due to mortality in two animals after the second-stage operation, caused by the development of acute post-PNX pulmonary edema, which was verified at necropsy. The acute mortality was related to the marked mediastinal shift following second-stage right PNX; there was no mortality following 70% balanced resection, where a similar total amount of lung units was removed, and the remaining lobes expanded to a similar degree without mediastinal shift. Our aggregate mortality following 58% and 42% resection (Ͻ5% and 0%, respectively) is less than that observed clinically (34) . Postresection mediastinal shift may increase permeability, alter vascular tone, and impede venous and lymphatic drainage (34) . Fluid loading was not an issue, and intraoperative airway pressure was low. The two surviving animals recovered uneventfully, exercised regularly on the treadmill, and improved at a similar pace as those after 70% balanced resection. Long-term physiological function was limited more by bronchovascular impairment (exaggerated ventilatory work and pulmonary vascular resistance upon exercise) than by diffusion disequilibrium (20) , suggesting that alveolarcapillary compensation exceeded bronchovascular adaptation (i.e., dysanaptic lung growth). The present morphometric data, showing robust compensatory alveolar-capillary growth, complement the published physiological data in these same animals. This apparent limit of surgical tolerability in canines is comparable with that in clinical reports (12) . The coefficients of variation of key morphometric parameters in the 70% unbalanced group are comparable with those in the other resection groups (5-9%). Inclusion or exclusion of these two animals did not change the other statistical results or alter the conclusions of this report.
Different types of resections impose differential mechanical demands on the diaphragm, which along with the parasternals, are the major respiratory muscles compensating for asymmet- Mean Ϯ SD. a Data source for reference groups: control (43), 42% resection (24, 28, 55) , and 58% resection (29, 44 ric ventilatory loading (25) . In both puppies and adult canines following right PNX, the right hemidiaphragm becomes stretched and distorted. Muscle mass increases only in adults with partial alveolar regrowth and not in puppies with fully compensated alveolar regrowth, indicating that post-PNX alveolar growth mitigates diaphragmatic loading. Following left PNX as adults, the diaphragm is mildly distorted without hypertrophy, owing to an expanded and rotated infracardiac lobe that partially reconstitutes the cardiac fossa (25) . During inflation, regional parenchyma displacement is larger in the craniocaudal than lateral direction following either 58% (unpublished observations) or 70% resection, irrespective of mediastinal shift (59) .
Threshold of stimuli for growth initiation.
Comparing physiologic and structural responses following 42% and 58% resection in adult canines (28, 29) with those following 58% resection in young canines (48), we previously observed a maturity-dependent resection threshold that must be exceeded before whole-lung, alveolar-capillary growth becomes evident. The threshold is related to the intensity of in vivo signals, resulting from regional expansion and redirection of pulmonary perfusion to the remaining lobes (11, 45) . Following 42% resection, ventilation and perfusion/unit of the remaining lung increase by a factor of 1/(1 Ϫ 0.42) ϭ 1.72. Significant tissue-capillary growth occurred only in the most caudal RI lobe that exhibited the largest increase in volume. Physical constraints play an important role in the disparate lobar response. The RI lobe could expand with relative ease across the midline, below and around the heart, whereas lateral expansion of the remaining RCr, RM, and RCa lobes encounters greater resistance against the bulky mediastinum, and the RCr lobe is constrained by the narrow apical rib cage. Owing to lobar heterogeneity, whole-lung tissue growth did not reach statistical significance.
Following 58% resection, ventilation and perfusion/unit of the remaining lung increase by a factor of 1/(1 Ϫ 0.58) ϭ 2.38. Compared with 42% resection, another 16% (58% Ϫ 42%) of lung units were removed, representing a 2.38/1.72 ϭ 38% further increase in stimulus intensity. The remaining lobes exhibit relatively uniform expansion and increases in alveolar structural dimensions, although the LM and LCa lobes consistently exhibited a greater response than the LCr lobe. Thus the stimulus threshold for alveolar regrowth was exceeded in some regions following loss of ϳ42% of lung units, whereas increasing loss of up to 58% of lung units stimulated vigorous compensatory growth in all regions.
Limits of structural adaptation. Following 65-70% resection, compared with 58%, an additional 7-12% of lung units are removed, representing a further 20 -40% increase in stimulus intensity. Ventilation and perfusion/unit of the remaining lung increase by a factor of 2.9 -3.3 above normal. Lobar volume expands further with greater spatial heterogeneity, but the intensity of lobar growth was no greater and in most parameters, less than that following 58% resection. With the combination of all remaining lobes, the overall gains in alveolar tissue volume and surface areas lagged behind those after 58% resection. Thus an upper limit of structural response to increasing stimuli was reached or exceeded after the loss of 65-70% of lung units.
Mechanical factors could explain the plateau and diminution of growth response following ϳ70% resection. With the use of a customized, inflatable prosthesis to minimize lateral expansion and prevent mediastinal shift following right PNX, we showed that these mechanical factors explain approximately one-half of the postresection compensatory response (11, 45) . The residual response may be due to perfusion-related stimuli, as shown in ferrets (38) , or to nonmechanical metabolic factors. Postnatal alveolar growth and cell turnover occur most rapidly at the periphery (18, 37) , where the fibro-elastic scaffold is weaker. Postresection mechanical stress/strain is also greater at the lung periphery (59) , where cyclic and sustained intrathoracic physical forces likely exceed the level that the remaining scaffold could support, necessitating connective tissue deposition to maintain physical integrity of the enlarging septa (4, 19) . Moderate mechanical stress and strain increase membrane permeability (17, 50) , induce gene expression (9) , and generate reactive O 2 species (53) to modulate growthrelated processes-cell migration (13), proliferation/hypertrophy (7, 8) , signaling (1, 46) , differentiation (15) , matrix deposition (40, 54) , and angiogenesis (41) . In different conditions and models, supraphysiological or maldistributed stress/strain compromises cell integrity (42, 49) , induces apoptosis and blunt angiogenesis (39) , and elicits matrix and vascular remodeling (3, 47) and other adaptation aimed at strengthening the scaffold (16, 32) to preserve ion/fluid balance and prevent oxidative tissue damage. Mechanical stress is also implicated in the redevelopment of postresection murine lung tissue (35) . The increase of resection exaggerates mechanical heterogeneity, making some regions more susceptible to injury than others. In acute lung injury, metabolic activity of aerated lung regions correlates with plateau pressure and regional tidal volume (2), suggesting that lung stretch might alter the distri- bution of metabolic energy between processes related to growth and those related to the preservation of barrier integrity.
In contrast to the lagging epithelial cell response and intensified collagen deposition, intussusceptive alveolar-capillary formation continues to increase without reaching an upper limit, as lung units are removed incrementally. The divergent responses between septal cells/matrix and capillaries to increasing mechanical stress suggest differential sensitivity of these septal compartments to the magnitude and/or sources of mechanical stimuli. In addition to parenchyma distortion, microvascular signals, generated by a progressively higher blood flow/unit of the remaining lung, may independently stimulate intussusceptive capillary formation which does not require intense endothelial cell proliferation but occurs mainly via rearrangement and then attenuation of the endothelial cell plates (14) . The contrast between the markedly heterogeneous lobar tissue growth and the relatively uniform, new capillary formation also supports this interpretation. Mechanical factors may explain the more vigorous capillary response following unbalanced rather than balanced 70% resection. Following balanced resection, the remaining lobes expanded most in the caudal direction, whereas following unbalanced resection, expansion occurred in caudal and lateral directions. The extra degree of freedom in expansion could relieve excessive deformation in the craniocaudal direction. This potential advantage is offset by the higher risks of acute hemodynamic compromise and by the disproportionately elevated pulmonary vascular resistance and ventilatory work upon exercise (20) .
Conclusion. We characterized in adult canine lungs a coherent in vivo stimuli-response relationship following progressive loss-of-functioning units; the relationship consists of a threshold, an optimal range, and an upper limit of compensatory alveolar growth. Suprathreshold stimulation-predominantly parenchyma and microvascular mechanical stress and deformation-initiates extravascular tissue growth, first in the most caudal (infracardiac) lobe following 42% resection; growth improves in magnitude and uniformity to peak following 58% resection and then plateaus or diminishes heterogeneously following 65-70% resection. A marked mediastinal shift following 70% unbalanced resection increases the risk of acute postoperative mortality; however, long-term compensatory alveolar growth is comparable with that following 70% balanced resection without mediastinal shift. The lobe(s) remaining adjacent to the diaphragm tend to exhibit greater expansion and more vigorous tissue growth. With incremental loss-of-lung units, escalating mechanical stress necessitates the deposition of interstitial collagen fibers to strengthen the septa and maintain barrier integrity. In contrast to the limit and heterogeneity of extravascular tissue growth, new alveolar-capillary formation intensifies steadily and uniformly across the remaining lobes with increasing lung resection without reaching an upper limit, suggesting differential sensitivity of the tissue and capillary compartments to mechanical stimuli. It is also likely that these compartments respond to different types of mechanical stimuli; i.e., besides parenchyma stress/strain, capillary formation may respond independently to perfusion-related signals. The identification of the threshold, optimal range, and limits of in vivo stimuli-response relationships provides parameters of critical importance for understanding the mechanisms of growth re-initiation and for the design of therapeutic strategies aimed at maximally realizing the innate potential for compensatory growth in large mammalian lungs.
